Abstract
< 10). Combinations of the biomarkers and fetal growth velocity were added to baseline screening for the prediction of SGA and adverse neonatal outcome. Results: We included 296 singleton pregnancies. Compared to AGA (n = 251), SGA neonates (n = 45) had significantly lower growth velocities in the abdominal circumference (mm/week): 10.1 ± 0.98 versus 10.8 ± 0.98, p = 0.001. Compared with AGA, the SGA neonates had higher sFlt-1 multiples of the median (MoM): 0.89 (0.55) versus 0.76 (0.44), p = 0.023, and a higher sFlt-1/PlGF MoM ratio: 1.09 (1.03) versus 0.90 (0.64), p = 0.027. For a 15% false-positive rate, the prediction of SGA neonates increased from 44.8% for the baseline screening model to 56.5% after the addition of fetal growth velocities, and to 73.9% after the further addition of maternal biomarkers (PPV 9.6%, NPV 82.4%). The corresponding AUC for the three models were 0.722, 0.804, and 0.839, respectively. In addition, AGA neonates with reduced fetal growth velocity had more adverse neonatal outcomes compared to the AGA reference group (12.4 vs. 3 .9%, p = 0.013). Conclusions: Combining fetal
Introduction
Undetected fetal growth restriction (FGR) is a major cause of perinatal morbidity. Fetuses with FGR have an increased risk of various complications, such as perinatal death, impaired neurodevelopment, and several handicaps. In adult life they have an increased risk of manifestation of the metabolic syndrome, type 2 diabetes, coronary heart disease, and hypertension [1] [2] [3] [4] [5] [6] [7] [8] . Antenatal diagnosed FGR is associated with substantially reduced risks of adverse outcome compared to FGR diagnosed only after birth [9] . Despite advances in fetal ultrasound scanning techniques, early detection of FGR is still difficult. An expected birth weight below the 10th percentile can be used to define small-for-gestational age (SGA) fetuses. However, the SGA group contains fetuses with FGR but also constitutionally small fetuses. What makes it even harder is that some fetuses in the appropriate-forgestational age (AGA) group decline in growth velocity and have a form of FGR that falls outside of the contemporary definition and is thus unrecognized.
Currently, the criteria for diagnosing FGR are mainly based on the estimated fetal weight and Doppler hemodynamic [10, 11] . Routine third trimester biometry measurements could improve the detection rate of FGR in the SGA and AGA group [12] . There is histological evidence that in SGA fetuses impaired placentation due to inadequate trophoblastic invasion of the maternal spiral arteries has taken place [13] [14] [15] . Inadequate trophoblastic invasion will lead to insufficient remodelling of the spiral arteries and this leads to a placental bed still susceptible for sympathetic stimuli and, with it, decreased perfusion. Angiogenic factors such as placental growth factor (PlGF) are believed to regulate the above-mentioned process [16] . PlGF and its inhibitor, the anti-angiogenic soluble fms-like tyrosine kinase-1 (sFlt-1), play an important role in the angiogenesis and placental development, with low concentrations of PlGF and high concentrations of sFlt-1 seen in SGA fetuses [17] [18] [19] [20] [21] . In addition, beta-human chorionic gonadotropin (β-hCG) and pregnancy-associated plasma protein A (PAPP-A) are also associated with pre-eclampsia, but have also been investigated regarding their association with SGA [22, 23] .
PlGF belongs to the vascular endothelial growth factor family. It is expressed by trophoblast cells, placental villi, and human umbilical vein endothelial cells. In early placental vascular development PlGF plays a role in potent pro-angiogenic effects. Reduced placental perfusion and subsequent placental bed hypoxia may be associated with a low maternal plasma concentration of PlGF and delivery of a neonate with FGR [24] . sFlt-1 is a splice variant of the vascular endothelial growth factor receptor Flt1 and a potent inhibitor of vascular endothelial growth factor. PAPP-A is a metalloprotease in the insulin-like growth factor (IGF) system. PAPP-A increases IGF bioavailability through regulated cleavage of IGF-binding protein 4 (IGFBP4) and is therefore a critical growth regulatory factor during fetal development [25] . Low PAPP-A levels are associated with chromosomal anomalies in fetuses, but can also be used to predict adverse pregnancy outcomes such as FGR [26] .
Many studies describe the role of PlGF, sFlt-1, and PAPP-A in the detection of pre-eclampsia, but their role in the prediction of FGR is less clear. Recent studies demonstrate that pregnancies resulting in the birth of SGA infants show similarly decreased levels of maternal PlGF and PAPP-A at 11 + 0 to 13 + 6 weeks of GA [22, [27] [28] [29] . There is also an association seen between FGR and lower PAPP-A and β-hCG values at 8-14 weeks of GA [26] . In addition, a high sFlt-1/PlGF ratio in pregnant women is associated with adverse neonatal outcomes [30] . However, the difference between SGA and FGR in the biomarker profile is still unclear. In the present study, we present differences between the categories of birth weight percentiles in the maternal biochemical biomarkers: PAPP-A, β-hCG, PlGF, and sFlt-1, all assessed at the first trimester of pregnancy and ultrasound growth velocity parameters of the second and third trimester. We also combined the maternal biochemical biomarkers with ultrasound growth parameters. The purpose of this study was to identify to what extent these parameters are able to detect intrauterine growth restriction and adverse neonatal outcome in SGA and AGA neonates.
Materials and Methods

Study Design and Participants
In this retrospective cohort study pregnant women were included at the Maastricht University Medical Centre during the period of October 2012 to June 2016. Women were only included in this cohort if they had had a singleton pregnancy without congenHendrix/Bons/Snellings/Bekers/ van Kuijk/Spaanderman/Al-Nasiry ital anomalies, measurements of PAPP-A, β-hCG, PlGF, and sFlt-1 at 11-13 weeks, and if at least two fetal growth scans were available (one between 18 and 22 weeks of GA and one between 30 and 34 weeks of GA).
The pregnancies were dated according to the formula of Robinson calculated from the crown-rump length measurement in the first trimester [31] . We excluded women who had an infant with a birth weight above the 90th percentile (large-for GA) because we wanted to predict adverse outcome. We defined a "normal" reference group with appropriate for GA birth weights. Patients were informed about the research at this university medical centre, and were given information about the data collection from their records for research purpose. Patients who refused to allow the use of their records were excluded from the study. The study protocol was approved by the medical ethical committee of the Maastricht University Medical Centre (17-4- December 13, 2001 ). Consent to participate was waived because of the retrospective study design.
Sampling of Blood Serum
For all patients, blood samples were collected at week 11-13 of GA. All blood biomarkers (PlGF, sFlt-1, PAPP-A, and β-hCG) were measured in serum. Samples were analysed in a certified laboratory using commercially available kits. Measurements of sFlt-1 and PIGF assays were performed according to the manufacturer's instructions on the fully automated BRAHMS KRYPTOR compact PLUS system (ThermoFisher Scientific, Hennigsdorf, Germany). Both assays are immunometric assays based on Time Resolved Amplified Cryptate Emission (TRACE) technology as described elsewhere [32] . Measurements of PAPP-A and free β-hCG were performed according to the manufacturer's instructions on the (fully automated) Auto-Delfia system (PerkinElmer, Turku, Finland). Both assays are fluoroimmunometric assays.
Data Analysis
Maternal data were collected during routine hospital visits. Maternal age, height, weight, smoking status, and medical and obstetric history were recorded. Multiples of the median (MoM) values were calculated according to the GA at measurement.
Ultrasound measurements of abdominal circumference (AC), biparietal diameter (BPD), head circumference (HC), and femur length (FL) were recorded by an experienced sonographist, using a GE Voluson ultrasound machine, with a 2-to 5-MHz curved-array transducer, in accordance with the routine mid-trimester fetal ultrasound scan guidelines [33] . These fetal growth scans were performed in two periods, one around 20 weeks (18-22 weeks) of GA during the second trimester anomaly scan, and one around 32 weeks (30-34 weeks) as a routine third trimester growth scan [34, 35] . Fetal growth parameters were recorded in an electronic database (Astraia GmbH). The estimated fetal weight was calculated using the Hadlock equation [36] . For the purpose of this article we calculated velocities of the fetal growth parameters (in mm/week) as the difference in absolute value of the measured parameters between the two examination periods, divided by the number of weeks.
Birth weight was quantified as percentiles according to the Dutch reference standard [37] . The percentiles were divided into two categories: (1) birth weight percentiles < 10 as the SGA group, and (2) birth weight percentiles 10-90 as the AGA group.
The SGA and AGA fetuses were stratified into subgroups. The group with a reduced growth velocity of more than 20% in the AC velocity between 20 and 30 weeks were classified as fetuses with reduced velocity.
Potential predictors of SGA were tested in three models. The first model includes the baseline screening: maternal age, conception method (spontaneous vs. assisted), smoking during pregnancy (yes/no), previous SGA (yes/no), previous SGA stillbirth (yes/ no), previous pre-eclampsia (yes/no), maternal BMI, first-trimester free β-hCG, first-trimester PAPP-A, AC at 32 (30) (31) (32) (33) (34) 
Neonatal Data
Delivery and neonatal outcomes were registered by the obstetrician or in case of an adverse outcome by the paediatrician. AP-GAR scores were assessed at 1 and 5 min after birth. We used a cut-off of less than 7 at 5 min to determine adverse outcome [38] . Metabolic acidosis was defined as an umbilical artery blood pH < 7.0 and base deficit > 12 mmol/L [39] . Neonatal hypoglycaemia was defined as a plasma glucose level of less than 30 mg/dL (1.65 mmol/L) in the first 24 h of life and less than 45 mg/dL (2.5 mmol/L) thereafter. The composite adverse neonatal outcome consists of 4 complications: asphyxia, sepsis, respiratory distress syndrome [40] , and transient tachypnoea of the new born [41] . These complications were recorded in medical files and were defined according to the judgments of the attending medical staff. Asphyxia was defined as intrapartum-related hypoxia-ischemia with multiple organ failure including encephalopathy [42] . Additionally, we recorded the neonatal stay at the intensive care unit.
Statistical Analysis
Baseline characteristics of the study sample were quantified as means with standard deviations (SD), median with range, and percentages with counts. Comparisons between the groups were made using the independent t test or Mann-Whitney U test for continuous data. For comparing categorical data between groups, the χ model were saved as separate variables and their accuracy was assessed using receiver-operating characteristics (ROC) curve analysis. All analyses were performed using SPSS Statistics 23 (IBM Corp, Armonk, NY, USA). p values ≤0.05 were considered to indicate statistical significance.
Results
Participants
Between October 2012 and June 2016, we included 296 singleton pregnant women. The sample was divided into two categories: birth weight percentile < 10 (n = 45) as SGA, and birth weight percentile 10-90 (n = 251) as AGA. The general characteristics of the sample are given in Table 1 . Women had a mean age of 32.7 ± 4.6 years and a mean body mass index of 23.9 ± 4.6, 49.3% were primiparous and 15.0% were smokers. Pre-eclampsia was present in 2.7% of the women in the total cohort. There were no statistically significant differences in GA at delivery, induction of labour, adverse neonatal outcome, or the proportion of neonates with an APGAR < 7 at 5 min.
The SGA group had fewer vaginal deliveries (71.1 vs. 87.3%, p = 0.006), more intrapartum emergency caesarean sections (15.6 vs. 5.2%, p = 0.027), and more neonatal hypoglycaemia (22.2 vs. 9.8%, p = 0.067), but there was no difference in rates of admission to the NICU (7.2 vs. 11.1%, p = 0.756). Data are given as the mean ± SD or median [IQR] . PAPP-A, pregnancy-associated plasma protein A; β-hCG, beta human chorionic gonadotropin; PlGF, placental growth factor; sFlt-1, soluble fms-like tyrosine kinase 1; MoM, multiples of the median, adjusted for GA; ACv, abdominal circumference velocity; HCv, head circumference velocity; BPDv, biparietal diameter velocity; FLv, femur length velocity. Odds ratios (OR) are adjusted for GA, maternal age, BMI, parity, and smoking status. Baseline screening model: maternal age, conception method, smoking during pregnancy, previous SGA, previous SGA stillbirth, previous PE, maternal BMI, β-hCG, PAPP-A, and abdominal circumference at 32 weeks of GA. PAPP-A, pregnancy-associated plasma protein; β-hCG, beta-human chorionic gonadotropin; PlGF, placental growth factor; sFlt-1, soluble fms-like tyrosine kinase 1. 
Differences in Serum Biomarkers and Fetal Growth Velocities
Prediction of SGA
The sFlt-1, sFlt-1/PlGF ratio, and growth velocities all showed significant associations with SGA (Table 3) . However, these were not significant after adjustment for GA, maternal age, BMI, parity, and smoking status. The baseline screening model did not show any significant association with SGA.
The discriminative ability of the three different models as quantified by AUC is shown in Figure 1 and Table 4 . For the prediction of SGA, the baseline screening (maternal age, conception method, smoking during pregnancy, previous SGA, previous SGA stillbirth, previous pre-eclampsia, maternal BMI, β-hCG, PAPP-A, and AC at 32 weeks of GA) had an AUC of 0.722 (95% CI 0.615-0.829). Adding growth velocities (ACv, BPDv, HCv, FLv) to the baseline screening improved the prediction of SGA with an AUC of 0.804 (95% CI 0.700-0.909). Adding growth For a 15% false-positive rate (FPR), the baseline screening model predicted 44.8% of SGA neonates. The addition of fetal growth velocities gave a prediction of 56.5% for SGA. The combination of baseline screening, growth velocities, and maternal biomarkers gave a prediction of 73.9% (PPV 9.6%, NPV 82.4%). The predictive performance of the three models for different FPRs is shown in Table 4 .
Stratification of Outcome by Reduced Fetal Growth
The two groups (AGA and SGA) were both divided into two subgroups based on ACv between 20 and 30 weeks: AGA with normal growth consisting of 154 (52%) neonates, as the reference group, AGA with reduced growth comprising 97 (33%) neonates, SGA with normal growth consisting of 26 (8.8%) neonates, and SGA with reduced growth featuring 19 (6.4%) neonates. SGA neonates with reduced growth showed lower PAPP-A (p = 0.043) and β-hCG (p = 0.027), and higher sFlt-1 (p = 0.036) and ratio (p = 0.029), compared with the AGA with normal growth (reference group). A similar trend was observed within the AGA neonates with reduced velocity. . Reduced growth is defined as a reduced growth velocity of more than 20% in the abdominal circumference velocity between 20 and 30 weeks. AGA, fetuses with a birth weight between the 10-90th percentile; SGA, fetuses with a birth weight below the 10th percentile. PAPP-A, pregnancy-associated plasma protein A; β-hCG, beta-human chorionic gonadotropin; PlGF, placental growth factor; sFlt-1, soluble fms-like tyrosine kinase 1. However, only PAPP-A was significantly different between the groups (p = 0.036). SGA with normal growth had a higher sFlt-1/PlGF ratio (p = 0.008) compared to the reference group (Table 5) . AGA with reduced velocity had significantly higher adverse neonatal outcomes (12.4%) compared with AGA with normal growth (3.9%, p = 0.013). Both categories of SGA neonates (with or without reduced AC velocity) had trends towards higher adverse neonatal outcome of 9.5 and 8.3%, respectively ( Table 6 ). The other neonatal outcomes were not significantly different. Fetal AC growth velocity had a modest predictive power for AGA with adverse neonatal outcome, with a sensitivity of 52.9% for a 20% FPR and AUC of 0.716 (0.567-0.865; Fig. 2 ).
Discussion
Main Findings
In this large retrospective study, we tested the additional value of first trimester maternal placental biomarkers and ultrasound fetal growth velocities to predict the birth of SGA neonates. This study showed that SGA neonates had reduced fetal growth velocities between the second and third trimester compared to AGA neonates, with an altered first trimester placental biomarker profile. The combination of the maternal biochemical biomarkers at 11-13 weeks and ultrasound growth velocities at 20-32 weeks improves the prediction of SGA neonates compared to baseline screening alone. By taking fetal growth velocities into consideration, the difference in biomarker profile was mainly seen in the subgroup of SGA with reduced velocity. Even the AGA group with reduced fetal growth had a lower PAPP-A and more adverse neonatal outcomes, compared with the AGA reference group.
Strengths and Limitations
The strength of this study lies in the fact that the population consists of all women during a certain period of time with a comprehensive registration of ultrasound, obstetric, and neonatal parameters in a single tertiary centre. All women gave birth in the MUMC and had available maternal biochemical biomarkers and ultrasound growth velocities, all at the same GA. Furthermore, the levels of the biomarkers were measured at the end of the first trimester; this is a crucial moment for therapies that can be initiated to possibly alter the course of placental dysfunction.
Third, the measurement of the ultrasound growth velocities is a new and practical method of assessing fetal growth potential within the SGA and AGA group using a simple calculation that can be readily employed and interpreted in a low-resource setting without the need of complex mathematical models. Another strength of this study is the focus mainly on SGA without pre-eclampsia, whereas other studies gave results of SGA combined with pre-eclampsia. In this study only 2% of the population had pre-eclampsia.
We acknowledge that there are some limitations to this study. First of all, the population consists of 296 neonates, which is rather small. The results would be of greater importance in a larger population. Second, the study had a retrospective design with the inherent risk of selection bias and the exclusion of many cases in which the ultrasound examination and the biomarkers did not fall within the specified time periods. Another limitation is the heterogeneity of study population with various risk profiles for FGR and the association with pre-eclampsia, as the study was performed in a tertiary referral centre. There was inadequate recording of determinants of obstetric risk and other confounders (such as ethnicity, maternal weight and length) to enable post hoc stratification. This might limit the interpretation of our data and the generalizability to an unselected lowrisk population. Interpretation The introduction of placental biomarkers (PAPP-A and β-hCG) into national aneuploidy screening programmes worldwide has soon led to the first citations linking the maternal serum levels of these biomarkers in the first trimester to a variety of obstetric complications later in pregnancy [28] . This was not surprising taking into account the fact that these biomarkers are secreted by placental cells (villous syncytiotrophoblast) into the maternal circulation and that they play a crucial role in placental development and function [43] . Since pre-eclampsia is considered an epitome of placenta dysfunction, there has been ample literature on the use of placental biomarkers to predict the occurrence of pre-eclampsia, as well as its severity and its various phenotypes.
FGR has as strong link to placental dysfunction, as does pre-eclampsia. However, the arbitrary definitions used to define both intrauterine and postnatal growth abnormalities have led to confusing conclusions regarding the link to placental abnormalities, including placental biomarkers. The data on the association between FGR and β-hCG values in the first trimester are conflicting with both lower and higher β-hCG values being reported in FGR pregnancies, possibly depending on the GA at sampling. The conclusion is that serum β-hCG is not a reliable marker to predict either FGR or pre-eclampsia; however, PAPP-A has good predictive power for both FGR and pre-eclampsia [8, 26] .
Many studies demonstrated that pregnancies resulting in the birth of SGA infants showed decreased PAPP-A at 11 + 0 to 13 + 6 weeks of GA [22, 27, 29, 44, 45] . Our data are consistent with these findings, showing that reduced PAPP-A and β-hCG levels were only observed in SGA pregnancies with reduced fetal growth.
The emergence of angiogenic factors as novel biomarkers of placental dysfunction has led to a surge in publications addressing their role as possibly the best biochemical predictors of pre-eclampsia, coinciding with the implementation of their use in the clinical setting of triaging women with suspected pre-eclampsia. PlGF and sFlt-1 have apposing functions on endothelial cells. Lower PlGF levels and higher sFlt-1 levels have been linked to the development of pre-eclampsia and FGR [16, 21, 46, 47] . A ratio of sFlt-1/PlGF has been proposed to have a better predictive and discriminatory power compared to either biomarker alone, for various adverse neonatal outcomes [30, 48, 49] . Our data confirm that sFlt-1 and the sFlt-1/PlGF ratio were higher in SGA pregnancies. Consequently, the predictive power of first trimester placental biomarkers, alone or in combination, was higher for SGA than AGA. In the subgroup of SGA neonates with normal fetal growth, the sFlt-1/PlGF ratio was higher compared to controls, suggesting general "smallness," not necessarily abnormal placentation.
It is interesting to view the differences in biomarker data between SGA and AGA with a reduced fetal growth in our population from the perspective of divergent placental pathoaetiology. Evidence suggests that there are two different phenotypes of FGR. First, an early FGR phenotype resulting in severe SGA is associated with placental bed pathology and abnormal placental development, reflected by early changes in uteroplacental Doppler profile and placental serum biomarkers. The second is a late mild FGR phenotype, characterised by mild placental disease, a normal uteroplacental Doppler profile, and abnormal hemodynamic fetal adaptation reflected by late cerebroplacental Doppler changes [10, 50] . Our data suggest that we could identify a subgroup with reduced fetal growth velocity within AGA neonates, who had both reduced PAPP-A levels and more adverse neonatal outcomes. We therefore postulate that AGA neonates represent fetuses with normal early placentation. However, they show reduced growth velocities between the second and third trimester and subsequently fail to achieve their optimal birth weight due to external factors limiting the placental capacity of nutritional supply. This study highlights the importance of performing a third trimester biometry scan in an unselected population to determine target fetal growth. This mild and late form of restricted fetal growth is often missed in the current clinical practice and poses a challenge to obstetricians to improve its detection and reduce the associated late fetal compromise [51] .
Conclusion
The detection of FGR is still a major and complicated task, as the majority with pathological restriction of growth capacity due to placental dysfunction are not properly detected. Currently, the diagnosis of FGR is mainly based on a single measurement mainly performed in the second or third trimester. To maximize the detection of FGR, we recommend combining maternal serum placental biomarkers in the first trimester such as the ones given in this study: PlGF, sFlt-1, PAPP-A, and β-hCG with fetal growth velocities. This approach could possibly result in reduced morbidity in AGA neonates, who are at a potential risk due to late mild placental dysfunction.
